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ABSTRACT

We present a publicly available library of model atmospheres with radiative-convective equilib-
rium Pressure-Temperature (P-T) profiles fully consistent with equilibrium chemical abundances,
and the corresponding emission and transmission spectrum with R~5000 at 0.2 pm decreasing to
R~35 at 30 nm, for 89 hot Jupiter exoplanets, for four re=circulation factors, six metallicities and
six C/O ratios. We find the choice of condensation précess (local/rainout) alters the P-T profile
and thereby the spectrum substantially, potentially detectable by JWST. We find H™ opacity can
contribute to form a strong temperature inversiondn wltrashot Jupiters for C/O ratios > 1 and can
make transmission spectra features flat in the optical, alongside altering the entire emission spectra.
We highlight how adopting different model chioicessuch as thermal ionisation, opacities, line-wing
profiles and the methodology of varying the=€/0,ratio, effects the P-T structure and the spectrum.
We show the role of Fe opacity to form{primary/secondary inversion in the atmosphere. We use
WASP-17b and WASP-121b as test caSes to demonstrate the effect of grid parameters across their
full range, while highlighting some“important findings, concerning the overall atmospheric struc-
ture, chemical transition regimes and their observables. Finally, we apply this library to the current
transmission and emission spectrarebservations of WASP-121b, which shows H,O and tentative ev-
idence for VO at the limb, and HyO emission feature indicative of inversion on the dayside, with
very low energy redistribution, thereby demonstrating the applicability of library for planning and
interpreting observations of transmission and emission spectrum.

Key,words: planets and satellites: atmospheres — planets and satellites: composition
—planets and satellites: gaseous planets — techniques: spectroscopic

1 INTRODUCTION

The thermal or the pressure-temperature (P-T) structure of
a planetary atmesphere is a result of constant feedback be-
tween radiative, advective, and chemical processes. Deter-
mining “the”P-T structure of a planet is important for un-
derstanding underlying thermochemical and dynamical pro-
cesses. The P-T structure of the planetary atmosphere also

* E-mail: jgoyal@astro.cornell.edu

governs its spectral signatures, when remotely observed us-
ing telescopes, spacecrafts or satellites. Therefore, it is nec-
essary to constrain the P-T structure of a planet’s atmo-
sphere, to understand the various physical processes occur-
ring within them as shown in Figure 1. Constraining the
three dimensional P-T structure of the planetary atmosphere
is ideally required, but the complexity and the computa-
tional resources required for such a model, especially when
constructing a library of forward model simulations, moti-
vates one dimensional (1D) P-T profiles.

© 2020 The Author(s) Published by Oxford University Press on behalf of the Royal Astronomical Society

020z Jaquiaidag |0 uo Jesn Jajexd Jo Ausisaiun Aq 601 268S/00SZERIS/SEIUW/SE0 L 01 /I0P/3[0IB-80UBADPE/SEIUW/WOD dNo™olWwapeoe//:sdiy Wwoll papeojumod
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In Goyal et al. (2018), Goyal et al. (2019a) and
Goyal et al. (2019b) we used isothermal P-T profiles and cor-
responding equilibrium chemical abundances for computing
transmission spectra for a wide range of exoplanet atmo-
spheres. This extensive library of more than a million model
simulations is publicly available and has proved to be very
useful in interpreting observations of various exoplanets us-
ing the Hubble Space Telescope (HST), Spitzer and Very
Large Telescope (VLT) (see for e.g Wakeford et al. 2018;
Alam et al. 2018; Zhang et al. 2019; Carter et al. 2020)
and for planning future observations' using various tele-
scope facilities, including the James Webb Space Telescope
(JWST). However, the assumption of an isothermal P-T
profiles is only accurate for a small region of the atmo-
sphere, specifically the high-altitude, low-pressure regions
probed by transmission spectra. In fact, the atmosphere
even in this region may rarely be exactly isothermal, but
current transmission spectra observations cannot differenti-
ate between such small temperature changes in P-T profiles
(Fortney 2005; Heng & Kitzmann 2017; Goyal et al. 2018),
which may be revealed by higher precision, higher resolu-
tion, and broader wavelength coverage observations. Fur-
thermore, truly isothermal P-T profiles would give rise to
a simple black body emission spectrum, devoid of spectral
features. The emission spectrum is much more strongly and
directly dependent on the temperature than the transmis-
sion spectrum (Emission Flux o« T#). Moreover, emission
spectrum reveals the dayside/nightside of the exoplanet at-
mosphere, providing altogether different information than
the transmission spectrum, which measures the limb. Emis-
sion spectrum also probes deeper (higher pressure) regions
of the planetary atmosphere in comparison to transmission
spectrum. Therefore, to identify features in the emission
spectrum as well as to constrain the P-T profile using these
features, we require computation of a more accurate non-
isothermal P-T profile.

1D P-T profiles of irradiated H;/He domit
nated planetary atmospheres with sufficiently high
equilibrium temperatures are expected to reach a
radiative-convective equilibrium condition (see”“ory e.g
Marley et al. 1996; Burrows et al. 1997; Seager & Sasselov
1998; Sudarsky et al. 2003; Marley & Robinsony, 2015;
Molliere et al.  2015;  Gandhi & Madhusudhan = 2017;
Malik et al. 2019). This is basically a résult“of two factors,
first the exposure to strong irradiation from the host star,
rapidly forcing perturbations in the P-T_structure back to
a radiative equilibrium in the lower pressure regions (<
~100 bar), and second the dominance of convection in the
deep atmosphere forcing perturbations in the P-T structure
to convective equilibritm in” the higher pressure regions
(> ~100 bar). Therefore, ¢ombining the lower pressure
regions, and higher pressure regions, these atmospheres are
likely to existaclose to,a radiative-convective equilibrium,
termed RCE hereaftér. Additionally, assuming chemical
equilibrium’to model hot Jupiter atmospheres is likely a
reasonablejassumption, due to the high temperature of
these planets; especially where chemical timescales are
likely “to be short, particularly for temperatures above
~ 2000K. The assumption of chemical equilibrium is

! https://exoctk.stsci.edu/generic

also a good starting point to constrain the main at-
mospheric constituents for lower temperature planets
(see for e.g Burrows & Sharp 1999; Lodders & Fegley
2002; Visscher et al. 2006; Marley & Robinson 2015;
Madhusudhan et al. 2016).

RCE P-T profiles for different planets can vary depend-
ing on their gravity, host star distance and spectral type, cir-
culation in the planet’s atmosphere and the chemical com-
position of the atmosphere. This can then lead to a wide
range of possible spectra for a given planet, governed by its
P-T profile. Therefore, a library of RCE P-T profiles and the
corresponding chemical abundances and simulated spectra
is required to interpret the observations of exoplanet atmo~
spheres and constrain the important physical processes’oc¢-
curring within them. In this work we compute P-T profiles
in radiative - convective equilibrium for 89 observationally
significant exoplanets, along with their corresponding egui-
librium chemical abundances, simulated transmission” and
emission spectra with resolution of R~5000 at, 0.2 um de-
creasing to R~35 at 30 pm, and contribution” functions,
which are publicly available here 23

We start by describing the 11D-2D atmosphere model
ATMO (Amundsen et al. 2014; Tremblin et al. 2015, 2016,
2017; Drummond et al. 2016;"Geyal et al. 2018) and the pro-
cedure to compute RCE P-T profiles, followed by recent ad-
ditions to ATMO in Section2=We detail the numerical setup
of this grid with RCE P-T profiles in Section 3, including the
chemistry and opacity setup. In Section 4 we describe the
parameter space‘of the grid. We discuss the results in Sec-
tion 5, where we show the sensitivity of model simulations to
different model choices by comparing RCE P-T profiles, equi-
libriumehemical abundances and the transmission/emission
speetra in Section 5.1. In Section 5.2 we show the effects
causedibyhigh levels of irradiation by using extremely irra-
diatedyhot Jupiter WASP-121b as the test case. Sensitivity
to grid parameters, namely; recirculation factor, metallicity
and C/O ratio is discussed is Section 5.3 using WASP-17b
and WASP-121b as test cases. In Section 6, transmission
and emission spectrum observations of WASP-121b are in-
terpreted using the grid of models presented in this work.
Finally, we summarize and conclude in Section 7. The im-
plementation and validation of thermal ionization, H™ and
Fe opacity used in ATMO is detailed in Appendix A.

2 MODEL DESCRIPTION

As in Goyal et al. (2018) and Goyal et al. (2019b), in this
work we use ATMO, a 1D-2D radiative-convective equilib-
rium model for planetary atmospheres. A nice comparison
between ATMO and other models, before some of the ad-
ditions described in this paper, is shown in Baudino et al.
(2017) and Malik et al. (2019). In this section we describe
some of the details of ATMO along with recent additions to
the model.

2 https://drive.google.com/drive/folders/
1zCCe6HICuK2nLgnYJFal7W41lyunjU4JE

3 https://noctis.erc-atmo.eu:5001/fsdownload/hq0z4udqJ/
goyal2020
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Figure 1. Illustrative figure to show dominant processes in dif-
ferent parts of a hot Jupiter atmosphere with radiative-convective
equilibrium P-T profiles, with (black) and without inversion
(blue).

2.1 Computing P-T profiles in
Radiative-Convective equilibrium

We here discuss the basic methodology used in ATMO to
compute P-T profiles in radiative-convective equilibrium,
consistently with equilibrium chemistry. Radiative transfer
and absorption cross-section calculations along with equilib-
rium chemistry computations performed iteratively, all con-
tribute to the computation of consistent RCE P-T profiles,
discussed in detail in Drummond et al. (2016) and Goyal
(2019). We initialise the model with an estimated (initial
guess) P-T profile (the starting profile can also be isother-
mal although this will likely take longer computation time
to reach convergence). We note that the final RCE P-T
in independent of the initial starting P-T profile. Chemi-
cal equilibrium abundances are then calculated for this P-T
profile. Using these abundances along with the absorption
cross-sections of different chemical species, in the form of
k-coefficients (Amundsen et al. 2014), the total opacity._is
calculated for each layer of the atmosphere. Following this;
the radiative transfer equation is solved to compute incom-
ing and outgoing radiative fluxes for each layer of the.atmo-
sphere. The same approach is followed for convective/flux.
This is then checked for energy flux balange.in each layer of
the atmosphere as well as the atmosphere as.a whole, using
the energy conservation equation given by

4
Frad + Feonv — O-Tint

=0, (1)

where F,,q the radiative flux and Fcony is the convec-
tive flux, respectively, as deriyed)in Drummond et al. (2016)
and Goyal (2019). Tint represents the internal temperature
of planet or the témperature at which the planet is cool-
ing. Isotropic scattering is also included in the radiative flux
computation! The P=T profile is also constrained by hydro-
static equilibrium, which defines the pressure structure as a
function of altitude, implemented using

d
d_z(Pgas # Pryrp) —pg =0, (2)

where Pgas is pressure due to gaseous species, Pyy,p, iS
turbulent pressure, z is altitude, p is density and g is grav-
ity. If the conditions for energy conservation and hydrostatic
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equilibrium are not satisfied within the required numerical
accuracy, corresponding to an error in flux balance (typical
value of ~1073), the P-T profile is perturbed within mini-
mum and maximum step sizes (~0.1-0.9) for the next itera-
tion. This step size is basically the multiplying factor to the
temperature perturbation while the model is iterating to ob-
tain a converged solution. All the steps are repeated for each
iteration, until a P-T profile that satisfies hydrostatic equi-
librium and conservation of energy is obtained, consistent
with equilibrium chemistry and corresponding opacities, for
a given set of planetary characteristics.

Figure 1 shows radiative-convective equilibrium P-T
profiles with and without a temperature inversion. Unlike &
static table of chemical abundances used in various models,
these P-T profiles (and all models in this grid) are consistent
with equilibrium chemical abundances, as explainédtabove.
In this schematic, we also show the dominant physical pro-
cesses in each region. Convection plays an_dmportant role
only in the deepest parts of the irradiated. hot, Jupiter at-
mospheres (> 100 bar), which current observations cannot
probe. Radiation governs the P-T structure_across a wide
range of pressures. Radiative diffusion”leads to an isother-
mal structure in the deep atmosphere as/shown in Figure 1,
primarily because the high epacity in this region decreases
the mean free path for the photonsas in stellar atmospheres
(Rybicki & Lightman 1986)"The interplay between absorp-
tion of stellar radiation due to optical opacities and plane-
tary emission due to infrared opacities, governs the P-T pro-
file in the radiative region between ~1 bar to 0.1 millibar,
which is the only tegion probed by current observations,
either using ‘transmission or emission spectra. Sufficiently
high optical opacity can lead to a temperature inversion in
this‘ebserved radiative region. At the top of the atmosphere
where the/pressure becomes less than ~ 0.1 millibar the at-
mosphere becomes optically thin and most of the radiation
penetrates this part of the atmosphere.

2.2 Recirculation factor

In a planetary atmosphere advection due to winds is one
of the major processes responsible for transporting energy.
To incorporate the 3D effect of advection in 1D models as
adopted by Fortney & Marley (2007), we simply reduce the
incoming flux in the 1D column of the atmosphere by a fac-
tor called the “recirculation factor”, hereafter termed f.. It
parameterises the redistribution of input stellar energy in
the planetary atmosphere, by the dynamics, where a value
of 1 equates to no redistribution, while 0.5 represents ef-
ficient redistribution. The value of 0.5 f. indicates 50% of
the total incoming stellar energy is advected to the night
side (the side of the planet facing away from the star), while
0.25 f. indicates 75% of the total incoming stellar energy is
advected to the night side. It must also be noted that an
additional factor, the incidence angle 6, also contributes to
the reduction in this total incoming stellar energy. 8, = 60°
equating to the dayside (the side of the planet facing towards
the star) average is the most commonly adopted value of in-
cidence angle, contributing to 50% reduction in the total
incoming stellar energy, since cos 60° = 0.5.
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2.3 Contribution Function

The emission spectrum represents the top of the atmosphere
(ToA) flux at different wavelengths for a given planet. How-
ever, this is a combination of flux from the different layers of
the atmosphere. To identify the levels of the atmosphere con-
tributing the most to this ToA emission, the Contribution
function (CF) (Chamberlain & Hunten 1987; Knutson et al.
2009; Drummond et al. 2018) is calculated given by,

d(e™™)

CF = B(V, T)M,

3)

where v is the frequency, T is the temperature, B(v,T)
is the Planck emission, 7, is the optical depth and P is the
pressure at each level of the atmosphere. The vertical P-
T profile and the wavelength dependent optical depth, are
the primary quantities required to calculate the contribu-
tion function. Optical depth is a function of transmittance
which decreases as we go deeper in the planet’s atmosphere.
Therefore, the CF is higher in the region where there is a
larger change in the optical depth or transmittance for a unit
change in the pressure (altitude) over the same region. In
simpler terms, the CF peaks in the region where the wave-
length dependent optical depth is one, when the planet is
being probed from the top of the atmosphere. Although we
define contribution function here, for ease of understand-
ing and plotting we compute the Normalised Contribution
Function (NCF), by normalising using the largest value of
the contribution function along the P-T profile.

2.4 High Temperature Additions

We include thermal ionization chemistry in ATMO by in-
cluding ion species while computing equilibrium chemical
abundances. We also included iron (Fe) and H™ opacity. We
detail their implementation and validation in Appendix A«

3 NUMERICAL SETUP FOR THE GRID

Computing RCE P-T profiles consistent with ‘equilibrium
chemistry is not a trivial task. The P-T profileandsthe chem-
istry are intricately linked as they depend‘en each other. The
chemical composition is largely dependent on ‘the tempera-
ture, and the temperature is largely dependent on composi-
tion (via opacities). Moreover,the P-T profile as well as the
chemical abundance profile continuously change as the sim-
ulation progresses towards theysolution. In such a scenario a
large number of temperatureiand pressure points are encoun-
tered. Therefore, it is extremely difficult to obtain converged
(satistfying all constraints) RCE P-T profiles for values across
a large parameter space: There are always the regions of the
parameter space where the simulations tend not to reach a
converged solution/due to many factors such as the boundary
conditiens, mumerical instabilities, non-convergence of equi-
librium/ chemistry especially with condensation and many
more. We deal with such problems by incrementally adjust-
ing the numerical setup for some of the failed model simu-
lations as described in the next section.

We use 50 vertical model levels with a maximum optical
depth of 5% 10° at 1 pm. Since ATMO calculates quantities

on an optical depth grid, the minimum and maximum opti-
cal depths govern the pressure domain (extent of the atmo-
sphere). An increase in the maximum optical depth leads to
an increase in the pressure domain of the P-T profile, for a
given set of parameters. The model stability when solving
for radiative-convective equilibrium, consistently with equi-
librium chemistry, is very sensitive to the selected top of
the atmosphere (minimum) optical depth boundary condi-
tion, as the atmosphere can become very sparse (less dense)
in this region. Therefore, the top of the atmosphere optical
depth is varied to achieve convergence. The typical values
used for top of the atmosphere optical depth are 1072, 1075,
10719 and 10713 at 1 pm. Although this is a wide range for
top of the atmosphere optical depth, these extremelydow
optical depth regions are outside the domains of the/fegion
probed by either transmission or emission spectra. Moreover,
we find that a value of 1073 is sufficient for most of the model
simulations. The top of the atmosphere pressure is restricted
to 1070 bar, which corresponds to the top,of the atifiosphere
minimum optical depth. Even though w¢ vary the minimum
optical depth to achieve convergence;the pressure is always
set at 107 bar for this minimum optieal depth, serving as a
reference for the atmospheric P-T profile!

We use 32 Dband “corrélated-k  cross-sections
(Amundsen et al. 2014;. Goéyalet al. 2018) for generat-
ing consistent RCE P-T profiles and 5000 bands to generate
transmission spectra,  emission spectra and contribu-
tion functions. |The \internal temperature of the planet
(Tint) defined in “Section 2.1 is set at 100K following
(Guillot & Showman 2002; Fortney et al. 2007). However,
we noethat following some recent studies (Thorngren et al.
20195 Sing et al. 2019), this assumption might be debatable.
We adopt/a mixing length constant a = 1.5 for calculating
convective flux (Baraffe et al. 2015), as used in previous
ATMO simulations (e.g Drummond et al. 2016). To stan-
dardise the comparison of transmission spectra for a range
of variables, we set the pressure at which the radius of the
planet is defined at 1 millibar (Lecavelier Des Etangs et al.
2008), only while computing the transmission spectra. We
note that there exists a degeneracy between reference tran-
sit radius and associated reference pressure as highlighted
by Lecavelier Des Etangs et al. (2008).

The target planet selection technique for this library of
models is the same as that adopted in Goyal et al. (2018)
with the additional constraint of the planetary equilibrium
temperature. In this library only the planets with equilib-
rium temperatures greater than 1200 K, as computed in the
TEPCat database (Southworth 2011) are selected, all shown
in the Table 3 of the online supplementary material. The
choice of 1200K is based on the capability of ATMO to
obtain converged solution (RCE P-T profile consistent with
equilibrium chemistry) for a range of grid parameter space
values. It was found that for planets with equilibrium tem-
peratures less than 1200 K a large number of model simula-
tions across the grid parameter space fail to converge, most
likely due to numerical instabilities arising due to inclusion
of various condensates in our equilibrium chemistry compu-
tation.

The input stellar spectra for each planetary model
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Figure 2. Absorption cross-sections (kpanq) of all species used in ATMO in each of the 5000 correlated-k bands at™1 bap and 2000 K.
These are absolute cross-sections without any dependance on chemical abundances.(a) Cross-sections for Hy-Hy (blue), Hy-He (green),
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sections for Rb (blue), Cs (khaki), TiO (cyan), VO (red), FeH (deepskyblue), PH3 (magenta), H,S (saddlebrown), HCN (purple), C,H,

(black), SO, (orange) and Fe (grey).

grid are taken from the BT-Settl* models (Allard et al.
2012; Rajpurohit et al. 2013). These stellar spectra are se-
lected according to the closest obtained host star temper-
ature, gravity and metallicity from the TEPCat database
(Southworth 2011). All the parameters required for model
initialisation like stellar radius, planetary radius, planetary
equilibrium temperature, surface gravity and semi-major
axis are also adopted from the TEPCat> database, shown
in the Table 1 of the online supplementary material.

3.1 Chemistry Setup

Similar to Goyal et al. (2018) and Goyal et al. (2019b), we
restrict our calculations to equilibrium chemistry .in this
work, but with self-consistent RCE P-T profiles. "However,
in this work we also include thermal ionization in the equi-
librium chemistry computation, detailed” and validated in
Appendix A1l . Therefore, in addition to the 258 species as
used in Goyal et al. (2018) and Goyal. et al) (2019b) which
are listed here®, the list of species for equilibrium computa-
tion now also includes H*, H7\Nat, K*, e”, C*, Het, Ca®
and Sit ions along with additionalgaseous species NaF, KF,
SiO, SiS, CaH, CaOH and\condensate species NajAlFg in
three different forms and LiF in the crystalline form. Thus
the total number of.species used in the equilibrium chem-
istry calculation.addswup to 277 for the simulations presented
here.

4 https://phoenix.ens-1lyon.fr/Grids/BT-Settl/AGSS2009/
SPECTRA/

5 http://www.astro.keele.ac.uk/jkt/tepcat/
allplanets-ascii.txt

6 https://drive.google.com/drive/folders/
1g7Bc6pbwvLUDf-QFJOCEOFKX6glKLuqF

3.2 Opacity Setup

The potential of a particular species to absorb/emit radia-
tion at a particular spéctral interval is governed by its ab-
sorption cross-sections, Compared to the simulations pre-
sented in Goyal et all (2018) and Goyal et al. (2019b), the
opacities duesto H™ and Fe have been newly included in
this work iin addition to Hy-H, and H,-He collision induced
absorption (CIA) opacities, and opacities due to HyO, CO,,
CO, CHy/NHj3, Na, K, Li, Rb, Cs, TiO, VO, FeH, CrH, PH3,
HEN, ©>H,, HpS and SO;. The implementation of H™ opac-
ity 18 described in Appendix A2 and that of Fe in Appendix
A3. The line list sources for all opacities used in this library
and the type/sources of pressure broadening, are shown in
Table 1 and Table 2 of the supplementary material, respec-
tively. The effects of these newly added opacities, H™ and Fe
on the P-T profiles and thereby the spectra are discussed in
Section 5.2.2 and 5.2.3, respectively.

Absorption cross-sections for all the species included in
ATMO in each of the 5000 correlated-k bands at 1 bar and
2000 K are shown in Figure 2. These plots aid identifying
the major absorbing species in various parts of the spec-
trum. However, it must be noted that the final opacities are
the product of absorption cross-sections and chemical abun-
dances. Therefore, although species such as TiO,VO, FeH
and Fe have strong absorption cross-sections in the optical
their contribution to total absorption will be zero if they
condense or don’t form at any given temperature.

4 GRID PARAMETER SPACE

The library of models with RCE P-T profiles and correspond-
ing equilibrium chemical abundances, transmission spectra,
emission spectra and contribution functions for various plan-
ets are computed at four different recirculation factors (fo =
0.25, 0.5, 0.75, 1.0), six metallicities (0.1, 1, 10, 50, 100,
200; all in X solar) and six C/O ratios (0.35, 0.55, 0.7, 0.75
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Figurei3. (a) Figure showing RCE P-T profiles for WASP-17b at 0.25 f. and solar metallicity and solar C/O ratio (0.55), with rainout
(blue), and local condensation (red). (b) Figure showing equilibrium chemical abundances of important species using P-T profiles shown
in“Figure 3a, with rainout (solid) and local condensation (dashed). (¢) Figure showing transmission spectra using P-T profiles shown
in Fig: 3a and chemical abundances shown in Figure 3b, with rainout (blue) and local condensation (red). (d) Figure showing emission
spectra using P-T profiles shown in Fig. 3a and chemical abundances shown in Figure 3b, with rainout (blue) and local condensation
(red) .(e) Figure showing contribution function for emission spectra shown in Fig. 3d, with rainout (blue) and local condensation (red)
at 1.1 (solid), 1.4 (doted), 2.25 (dashed) and 2.8 (dot-dash) um.
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(b) Figure showing transmission spectra models, with and without thermal ionic species at solar metallicity, solar €/O ratio and 0.5 f..

1.0,1.5), giving a total of 144 model RCE P-T profiles and
spectra per planet. However, as mentioned earlier, not all
models in the parameter space achieve convergence, thus
leading to absence of some models in the library (~5-10%)
which varies for different planets. The RCE P-T profiles and
corresponding equilibrium chemical abundances used to gen-
erate our transmission and emission spectra are the same, i.e
they span a similar parameter space. Since we are presenting
here a library of model atmospheres and corresponding spec-
tra, they are intended to cover a wide range of possibilities
and all the extremes.

The choice of recirculation factor (f;) covers all possible
scenarios from no recirculation (1.0) to extremely fast winds
(0.25). We do not extend the grid to metallicities greater
than 200x solar, because above this metallicity the atmo-
sphere becomes abundant in species other that H, and He,
such as CO,, H,O, CO etc. This would require thednclusion
of pressure broadening effects due to these species,/and mo
existing studies have solved this problem due to.lack, of lab-
based observational data (Fortney et al. 2016)«The choice
of C/O ratios in the grid is guided by important transition
regimes as found by previous studies. (Madhusudhan 2012;
Molliere et al. 2015; Goyal et al. 2018; Molaverdikhani et al.
2019).

As described in Goyal et al:'3(2018, 2019a,b), there are
two approaches to treat condensation in our library of mod-
els, rainout and local eondensation. While computing equi-
librium chemical abundances”to obtain RCE P-T profiles
with rainout condensation, each layer is dependent on other
layers, specifically onlyien layers that lie at higher pressures,
in contrast to the:local condensation approach where each
layer is independent. This makes the assumption of rainout
with RCE“P-T profiles more realistic for a planetary atmo-
sphere as compared to just local condensation. Therefore,
wengenerate RCE P-T profiles with rainout condensation for
the library of models presented in this work. However, we
show/the differences in the P-T profiles and the spectra due
to the different approaches in the next section.

The structure of the pressure broadened line wings of

Na and K can have a substamtial effect on the P-T pro-
files and thereby the emission spectrum of brown dwarfs
and hot Jupiter exoplanétratmespheres (Burrows et al. 2000;
Allard et al. 2003). Even with their high resolution measure-
ments, the shape of \thespressure broadened wings are still
a matter of debate for Brown dwarfs (Burrows et al. 2002;
Burgasser et al. 2003; Allard et al. 2003). For hot Jupiters
we have very, reecently started to observationally probe the
line wings of Na/K (Nikolov et al. 2018). In Section 2.1 of
the ©Online supplementary material of this paper we show
the differences in the P-T profiles and the spectra due to
these two line wing profiles for Na and K. The differences
arewnegligible and unlikely to be detectable by observations.
We adopt the Na and K line wing profiles from Allard et al.
(2003) for the library of models presented in this work,
which includes detailed quantum mechanical calculations
while computing these profiles (Amundsen 2015).

Although convection plays an important role in deter-
mining the P-T profile of brown dwarfs, we see for hot Jupiter
exoplanet atmospheres the effect of convection on the P-T
structure of the observable atmosphere is negligible. This
is because of the strong irradiation on these planets from
their host stars, which reduces the radiative time scale, thus
making the atmospheric P-T profile almost entirely depen-
dent on the top of the atmosphere irradiation (along with
the atmospheric pressure, temperature and heat capacity),
at-least in the region where observations can probe the at-
mosphere. Therefore, we conclude that it is not necessary
to include convection while computing RCE P-T profiles for
irradiated hot Jupiter exoplanet atmospheres. However, in
this work all the P-T profiles include parameterized convec-
tion for completeness, as it is computationally inexpensive.

As described in Drummond et al. (2019) there are three
different methodologies to vary C/O ratio relative to the so-
lar C/O ratio. In the simulations presented in Goyal et al.
(2018) and Goyal et al. (2019b), we varied C/O ratio by
varying O/H. However, varying C/O by varying C/H can
lead to differences in P-T profiles and equilibrium chemical
abundances as shown by Drummond et al. (2019). There-
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fore, we investigated the effect of varying C/O ratio, by
varying O/H and those by varying C/H using WASP-17b as
the test case, with the results presented in the online sup-
plementary material Section 2.3. Although there are some
differences in the results obtained using these two different
methodologies, in the parameter space we consider, they are
smaller compared to the effects of other parameters in the
grid and other model choices (for e.g. local or rainout con-
densation). Therefore, to enable fair comparison between the
model spectra generated in our previous works (Goyal et al.
2018, 2019b) and keep the library of models consistent with
them, we again in this work adopt the methodology of vary-
ing C/O ratio by varying O/H. Ideally, we could use O/H
and C/H as separate parameters in the grid, however, that
increases the size of the grid substantially and makes it
computationally expensive for a large number of exoplan-
ets. Therefore, we select one methodology over the other.

5 RESULTS

In this section we initially show the effects of some of
the important model choices on the RCE P-T profiles and
thereby the equilibrium chemical abundances, transmission
and emission spectra, which could effect interpretation of ob-
servations. Additional tests showing the sensitivity of some
of the other model choices such as the Na and K line-wing
profiles, VO line-list sources and the methodology to vary
C/O ratio either by varying O/H or C/H, are all detailed
in the online supplementary material of this paper. Decou-
pled emission spectrum are also shown and described in the
online supplementary material, to aid identification of differ-
ent spectral features in the emission spectra. In the following
sections, we show the sensitivity to the choice of condensa-
tion process (rainout/local), high levels of irradiation due to
thermal ionization, addition of H™ and Fe opacity, and forr
mation of temperature inversion in the atmosphere. Finally,
we show the sensitivity of the model simulations, i.€ P-T.
profiles, chemical abundances, spectra and the contribution
functions, to all the grid parameters across their{fulbrange,
using WASP-121b and WASP-17b as test cases,

5.1 Sensitivity to Model Choices

5.1.1 Comparing model simulations with rainout and local
condensation

Goyal et al. (2019b) have demonstrated that the adoption
of either a rainout orAocal\Condensation approach results
in differences in the transmission spectra when adopting
an isothermal P-T“profile. Here, we investigate the ef-
fects of thesestwoycondensation approaches on the RCE
P-T profiles’ and«thereby the equilibrium chemical abun-
dances, and transmission/emission spectra. Fig. 3a, 3b, 3c,
3d andy3e,'show the RCE P-T profiles, equilibrium chemi-
cal-abundances, transmission spectra, emission spectra and
Normalised Contribution Functions (NCF), respectively, for
WASP-17b at 0.25 f;, solar metallicity and solar C/O ratio,
adopting both rainout and local condensation. A difference
of ~100-300 K can be seen between the 1 and 100 mbar pres-
sure levels in Fig. 3a, with the P-T profile adopting the local

condensation approach having higher temperatures. How-
ever, in the deeper atmosphere (~ 0.1-1000 bar) the P-T
profile with rainout condensation is hotter by ~200 K. This
difference in temperature leads to lower abundance of Na
and K in the upper atmosphere and a higher abundance
of TiO/VO in the local condensation case, as compared to
rainout condensation case, shown in Fig. 3b. This higher
TiO/VO abundance can also be seen in the transmission
spectra shown in Figure 3c where the spectra with local
condensation show TiO/VO features in the optical, missing
in the rainout condensation case. This also strengthens the
findings of Goyal et al. (2019b), that TiO/VO features can
reveal dominant physical process (rainout or local conden~
sation) in the planet’s atmosphere.

The differences in the emission spectra shown in‘Fig.
3d are substantial, primarily due to the differencesiin’ the
P-T structure. At 1.1 um deeper parts of the atmospherey(~1
bar) are being probed as seen in the NCE/shown in Fig.
3e, mainly because none of the species have astrong opac-
ity to absorb in this region. Therefore, it can be seen in
the emission spectra that the flux is“higher for the rainout
condensation as compared to local'condensation, since the
temperature at ~1 bar is higher for\the simulation adopting
rainout condensation. At 1.4amythe wavelength of one of the
strongest water opacity bandsy we'sée the NCF moves to the
upper atmosphere and-the“difference between the pressure
levels being probedusing emission spectrum in the case of
the rainout (0.1 bar)\andslecal condensation (0.01bar) simu-
lations are also substantially different. This is mainly due to
the large difference in-the temperatures between the rainout
and local condensation simulations between 0.1 and 0.01bar.
The difference in the peak pressure level of the NCF as ob-
served between 1.1 and 1.4 pum, the wing and core of water
band, tespectively, can be observed more strongly at 2.25
and 2:8um, since this is the region of peak emission for
a body with temperature similar to the equilibrium tem-
perature of WASP-17b. Since the differences in the spectra
are substantial, it might be possible to distinguish between
emission spectra due to rainout and local condensation, and
therefore constrain the P-T profiles and thereby the conden-
sation processes using JWST.

5.2 Effects caused by high levels of irradiation
5.2.1 Effect of Thermal Ionisation

Thermal ionisation of certain species can have a substantial
effect on the chemistry of the planetary atmospheres, de-
pending on the atmospheric temperature. Figure 4a shows
the equilibrium chemical abundances of certain important
species for an extremely irradiated hot Jupiter WASP-121b,
with (dashed line) and without (solid line) thermal ionic
species included in the equilibrium chemistry computation.
H™ opacity has been included in the model simulation with
thermal ionic species and Fe opacity in both. The abundance
of Na decreases by about 3 orders of magnitude in the upper
atmosphere (transmission spectra probed region) when ther-
mal ionic species are included, as Na is ionized to form Na*t.
Figure 4a shows that the abundance of Nat becomes almost
equal to Na without thermal ionic species model simulation,
in the upper atmosphere (P < 1073 bar). Similar behavior
can be observed for K and K* ions. The abundance of H,O
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Figure 5. (a) Figure showing RCE P-T profiles without (Blue) and with (red) H™ opacity included in the model for WASP-121b at solar
metallicity, solar C/O ratio and 0.5 f.. Fe opacity is not.included in both these models (see Section 5.2.2 for details). (b) Same as Figure
5a but at C/O ratio of 1.5 and 1.0 f.. (c¢) Figure showing transmission spectra using P-T profiles shown in Figure 5b and corresponding
chemical abundances with and without H~ opacity. (d) Figure showing emission spectra using P-T profiles shown in Figure 5b and

corresponding chemical abundances with and without H7opacity.

also drastically decreases for P < 103 bar, however, is still
substantial in the deeper atmosphere prebed by emission
spectrum. Inclusion of thermalfionic species also has effects
on the transmission spectra, where the narrow Na and K
features (cores) seen in the model 'spectra without thermal
ionic species, disappeat,in the model spectra with thermal
ionic species as shown in Figure 4b. We note that the equi-
librium abundance of HyO at very high temperatures and
low pressures.as fop, WASP-121b is almost similar (see Fig-
ure 4a), with and, without thermal ionic species, because,
thermal decomposition of H,O is taken care of in the equi-
libriwmychemistry computation (by neutral products Hy and
O, )5even if ions are not included in the computation.

5.2.2  Effect of H opacity

H™ opacity contributes to the absorption of radiation in hot
Jupiters via bound-free and free-free cross-sections as ex-
plained in Appendix A2. There is also a strong observational
evidence for H™ opacity in Mikal-Evans et al. (2019). To un-
derstand the effect of H™ opacity we compute P-T profiles
with and without H™ opacities included in the model. We
also don’t include Fe opacity specifically for models in this
tests, to isolate the effects of H™ opacity. Figure 5a show
these P-T profiles at 0.5 f. with solar metallicity and C/O
ratio for WASP-121b. It can be noticed from the P-T pro-
files that H™ opacity tends to cool the deeper atmosphere
(> 1 bar) by about 100 K which increases to 400 K with an
fc value of 1 (not shown here). This can be attributed to
an increase in H™ abundance in the lower atmosphere (> 1
bar), with a higher f; value, as the temperature increases.
In Figure 5b the P-T profile obtained using a f. value of
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Figure 6. (a) Figure showing RCE P-T profiles without (blue) and with”(red) Fe opacity included in the model for WASP-121b at solar
metallicity, solar C/O ratio and 0.5 fc. (b) Figure showing transmission spectra using P-T profiles shown in Figure 6a and corresponding
chemical abundances with and without Fe opacity. (¢)4Figure showing emission spectra using P-T profiles shown in Figure 6a and

corresponding chemical abundances with and without/Fe opacity.

1.0, solar metallicity and a C/ O ratio of l¢brissshown. This
has been particularly chosen to show the‘extreme effects due
to H™ opacity. Figure 5b shows that{there\is‘a substantial
difference in P-T profiles with and witheut/H™ opacity.

Without H™ opacity thereds a weak temperature inver-
sion as compared to that with H% opacity. At high C/O ra-
tios (> 1) as shown in Figure'14b, the abundance of TiO/VO
decreases dramatically;\the major absorbers likely to cause
an inversion in extremely itradiated hot Jupiters like WASP-
121b. Therefore, other species start contributing to form a
temperature inversion. Without H™ opacity the strong inver-
sion is not stistained but there is a weak inversion due to Na
and K (a$ shown in Molliere et al. 2015) discussed in detail
in Segtion $.3.3.2. With H™ opacity the strength of inver-
sionfingreases dramatically at f = 1.0 and C/O ratio of 1.5
as'shown in Figure 5b, because the H™ abundance between
pressure levels ~1 to 1072 bar increases (see Figure 14b for
trends even though at fo = 0.5), such that its opacity can
create an inversion similar to TiO/VO. However, thermal
inversion due to H™ opacity lies deeper (higher pressure) in

the atmosphere (~1 to 1072 bar), in comparison to the in-
version due to TiO/VO (~107! to 1073 bar). To investigate
the potential of H™ opacity by its own to form temperature
inversions at different C/O ratios, we performed some model
simulations by removing dominant optical absorbers such as
TiO, VO, Na, K, Li, Rb, Cs, Fe and FeH. We find H™ opacity
is able to create a strong thermal inversion for C/O ratios >
1, we also see a very weak temperature inversion (~100K) at
C/O ratio of 0.75 and almost negligible at solar C/O ratio
(0.55), highlighting the C/O ratio dependency of H™ opacity
to create thermal inversions.

The effect of H™ opacity on the transmission spectrum
is also substantial as shown in the Figure 5c where it tends
to obstruct the deeper atmosphere due to its high opacity
as shown for a high C/O ratio case for WASP-121b. In this
case it tends to mute the wings of Na and K mimicking
the effect of cloud at optical wavelengths. Figure 5d shows
the emission spectrum for WASP-121b with and without H™
opacity using the P-T profile shown in Figure 5b. Figure 5d
shows that there is a substantial difference in the emission
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spectrum with and without H™ opacity, due to difference in
P-T profiles.

5.2.8 FEffect of Fe opacity

Gaseous iron (Fe) opacity dramatically effects the P-T pro-
files of extremely irradiated hot Jupiters (Lothringer et al.
2018). It tends to heat the upper, lower pressure, atmosphere
as shown in the Fig. 6a and cool the lower, high pressure,
atmosphere. The cross-section of Fe is quite large in the op-
tical leading to strong absorption and therefore the heating
in the upper atmosphere. This blocking of radiation higher
up in the atmosphere is one of the causes of the cooling
in the deeper atmosphere similar to H™ . The transmission
spectra in Figure 6b, shows that Fe opacity is important in
the optical part of the spectrum, generally dominated by
Rayleigh scattering slope, with very sharp spectral features.
The emission spectrum in Figure 6¢c with and without Fe
opacity, shows that the strength of the thermal inversion
in the emission increases after adding Fe opacity. Thus Fe
opacity can play an important role in creating secondary in-
versions, but in the lower pressure regions (~ 0.1 mbar) as
compared to that created due to H™ or TiO/VO opacity (see
Section 5.2.4.2 for more details). The absence of HyO due
to thermal dissociation also contributes to this secondary
inversion at extremely low pressures, as there is no strong
infrared emitting species available to re-emit the energy ab-
sorbed by Fe. The difference between the emission spectrum
shown in Figure 6¢ is mainly due to the increase in the size of
emission features, due to a larger temperature difference be-
tween the lower (high pressure) and the upper (low pressure)
atmosphere in simulations including Fe opacity, as compared
to those without Fe opacity.

5.2.4 Inversions in hot Jupiters without TiO/VO

The formation of temperature inversion in a irradiated
planetary atmosphere is governed by the interplay be-
tween absorbed stellar radiation and planetary €missions
The presence of temperature inversions in hot”Jupiter ex-
oplanet atmospheres have been predicted for ‘a long/time
(Hubeny et al. 2003; Fortney et al. 2008)4primarily due to
TiO/VO opacities, as shown in Figure ‘8a. The presence of
temperature inversion due to TiO/V@. also leads to substan-
tial changes in the emission spectrum ofithe/planet as shown
in Figure 8b. However, it is only very recently that a defini-
tive evidence of an inversion layer has been seen in the at-
mosphere of an ultra-hot Jupiter WASP-121b (Evans et al.
2017). Although, thereds a tentative evidence of VO in the
transmission spectrum of WASP-121b (Evans et al. 2018), it
is still unclear what epacity source is causing this additional
absorption creating,a temperature inversion in WASP-121Db,
Therefore, in thiscsection, the opacity required to produce
an inversiony its impact on the P-T profile and thereby the
emission spectra is investigated.

5.2:4.1, .Temperature inversions with grey and H™
opacity: Following Burrows et al. (2008) and Spiegel et al.
(2009), we add an arbitrary grey absorbing opacity across
the optical wavelengths (0.44 - 1 um) throughout the atmo-
sphere (all model layers) of WASP-121b with 0.8 f., solar
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metallicity and C/O ratio. Varying the magnitude of this
opacity then allows us to explore the evolution of the P-T
profile from being non-inverted to being inverted as a func-
tion of opacity, along with the evolution of the emission spec-
trum for these different atmospheric structures. The value
of 0.8 f; is chosen as the best fit value to observations in
Evans et al. (2017). For this particular test along with a grey
absorbing opacity in the optical, only the Hy-H, and H;-He
CIA, and H,O, CO,, CO, CHy, NH3, Na, K, Li, Rb, Cs
opacities were used for simplicity. Figure 7a and 7b show
the P-T profile and emission spectra, respectively, for vary-
ing levels of grey opacity for WASP-121b. We note that we
have omitted TiO/VO opacity in this model simulation. It
can be seen that as the grey opacity increases from 0.002 to
0.02 cm? /g the P-T profile changes from being non-inverted
to inverted. We also compute the ratio

Kvis
o s, ()
KIR

where «yis and kr are the mean opacities in the
visible and IR wavelengths, as, used™in previous works
(Molliere et al. 2015; Gandhi & Madhusudhan 2019), to
quantify the strength of the,inversion. We compute kg us-
ing the Planck mean opacity for thetemperature of each at-
mospheric level, wherea§ kgigrisicomputed using the Planck
mean opacity at the stellar effective temperature of WASP-
121, which is ~6500 K."As,the photospheric level (~0.1 bar)
the y values are 4.78,15.5; 6.06 and 8.3 for grey opacity val-
ues of 0.002, 0.004,:0.006 and 0.02 cmz/g, respectively. The
strength of the inversion increases as the value of y increases.
Howevery,we note that this method to quantify strength of
inversion can be too simplistic, especially when comparing
sttength of inversion caused by different species, mainly due
to tworeasons. Firstly, the altitude/pressure of the inversion
canmyvary depending on the RCE P-T profile and the corre-
sponding chemical equilibrium abundances, therefore using
the y value at one particular pressure level may not be an
accurate way to compare strength of inversions. Secondly,
for hot planets like WASP-121b there will be some overlap
between the visible (stellar spectrum) and infrared (planet
spectrum), which again means this simplistic approach is
not likely to provide accurate measure of the strength of the
inversion.

The change in the emission spectrum is more interest-
ing where the HyO absorption feature at 1.4um gradually
changes into an emission feature, as the amount of grey opac-
ity is increased. Moreover, with 0.006 cm? /g grey opacity the
spectrum almost resembles a blackbody spectrum indicating
an isothermal atmosphere, which can be seen in Figure 7a.

As discussed in detail in Section 5.2.2 and shown in
Figure 5b, H™ opacity which almost acts like a grey opacity
in the optical can produce a strong inversion in the absence
of TiO/VO opacities, which only happens at high C/O ratios
(>1), under chemical equilibrium conditions. Therefore, H™
opacity could possibly be the opacity source that leads to
inversion in the atmosphere of WASP-121b and many other
ultra hot Jupiter planets.

5.2.4.2 Can Fe without TiO/VO form an inversion?
Iron (Fe) has very strong opacity in the UV and the optical
part of the spectrum. Therefore, we investigated whether Fe
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can lead to inversions without, LiO/VO in extremely irradi-
ated hot Jupiter such as WASP-121b. For this we removed
TiO/VO opacities from the medel while computing RCE P-
T profiles. We found that the/Fe opacity we include is unable
to produce a strong inversion/like TiO/VO at solar metallic-
ity as shown in Figure 8. Even if we increase the metallicity
to 200 times solar, leading to an increase in Fe abundance to
about ~ 30X thancthat at solar metallicity, it does not lead
to an inversion. Fe,opacity however, leads to a sharp increase
in the temperature at lower pressures (~ 1073 bar like a ther-
mospheric secondary inversion). The primary reason behind
this,secondary inversion at low pressures is the low abun-
dance of species that emit strongly in the infrared (for e.g
thermal decomposition of HyO), which reduces atmospheric
cooling (see Figure 14b). We also observe this secondary in-
version due to various other strong optical absorbers such as

Na and K, when the abundance of strong infrared emitters
such as HyO or CHy decreases.

This overall result due to Fe opacity might seem to con-
tradict that of Lothringer et al. (2018), where they see an
inversion due to Fe opacity at around 1072 bar (10 mbar).
However, Lothringer et al. (2018) used a fiducial model with
a planet at 0.025 au from a star with effective tempera-
ture of 7200 K, about ~750 K hotter than WASP-121. More-
over, they include bound-free Fe opacity in their model sim-
ulations which becomes important for wavelengths shorter
than 0.2um (Sharp & Burrows 2007). The combination of
all these factors may have led to differences between our re-
sults, alongside other factors such as the equilibrium chem-
ical abundances of Fe as well as the treatment of condensa-
tion. However, in KELT-9b the planet with highest equilib-
rium temperature in our library of models, Fe opacity leads
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to formation of a strong temperature inversion starting at
~0.1 bar, even at solar metallicity and without requiring
TiO/VO/H™. Thus, the capability of Fe opacity to form a
temperature inversion is system specific showing a strong
dependance on the host star effective temperature.

We note that there are many other potential species
such as AlO, CaO, SiO, NaH, AlH, SiH, MgH etc. shown
in recent studies (Lothringer et al. 2018; Malik et al. 2019;
Gandhi & Madhusudhan 2019) with strong optical opacities
that could lead to the formation of an inversion in ultra-hot
Jupiters. However, these opacities have not been included
in the current version of our library. Among these species
there have been indications of AlO in some of the planets
(von Essen et al. 2019; Chubb et al. 2020). Therefore, some
of these opacities will be considered in the future version of
the library.

5.3 Sensitivity to Grid Parameters

In this section we show the sensitivity of the model simula-
tion, i.e P-T profiles and the spectra, to all the grid parame-
ters, namely recirculation factor, metallicity and C/O ratio
across their full range used in this library, using WASP-17b
and WASP-121b as test cases.

5.8.1 Effect of recirculation factor

The recirculation factor (fc) described in Section 2.2 governs
the efficiency of re-distribution of energy (by winds) received
from the host star in a column. The value of 1 corresponds
to no-redistribution, with an increase in redistribution as
this factor decreases. Here, we show the effect of varying
the recirculation factor on the P-T profiles and thereby the
chemical abundances and spectra, using the extremely ir-
radiated hot Jupiter WASP-121b as an example. As can in
seen in the P-T profiles in Figure 9a for WASP-121Db, the
strength of the atmospheric temperature inversion increases
with f; as expected, since more energy is available tofcreate
an inversion at higher values of f.. At 0.25 f. the inversion is
absent in the P-T structure due to reduced irradiationy(en-
ergy). Absorption due to TiO/VO is the primary, reason for
the inversion, but surprisingly the abundanee=of¥TiO/VO
starts decreasing, as the inversion is formedsand increases
in strength, as can be seen in Figure 9b for increasing f..
However, the abundance of H™ and Feyincreases with in-
creasing f.. This increase in HZ maintains the temperature
inversion even though the abundance/of TiO/VO decreases,
as described in in Section 5.2:2,and also Section 5.3.3.2.
The transmission“spectrum’ of WASP-121b in Figure
9c, shows that the_strength /of the H,O features decreases
with increasing fc as, HoO abundance decreases in the re-
gion where transmission spectra probes (~ lmbar), since
H»O starts /(becoming thermally unstable with increasing
temperatures. However, CO features start appearing near
~2.5 wm and, broadband CO features between 4 to 6 um. The
strength of these CO features increases with increasing f.. As
expected, the flux in the planetary emission spectrum shown
in Figure 9d increases with increasing f; as the temperature
of entission increases. The P-T profile at 0.25 f; is very close
to isothermal, therefore its emission spectrum also resem-
bles a blackbody curve, with small dips in the strong water

vapour absorption bands at 1.4, 2 and 3 um. In contrast, P-T
profiles at other f. values have temperature inversions, thus
leading to a bump instead of dip in the strong H,O and CO
absorption bands.

The normalised contribution functions (NCF) at 1.7
and 1.4pum are shown in Figure 9e and 9f, respectively, for
WASP-121b. At 1.7 um, the NCF peaks deeper in the atmo-
sphere as compared to that at 1.4um, indicating emission
at 1.7um is from comparatively deeper parts of the atmo-
sphere, since 1.7 um is at the edge of strong water absorption
band centred at 1.4 um. For the profiles with a temperature
inversion (fo = 0.5, 0.75, 1.0), the deeper and cooler isother-
mal part (not the inversion) is primarily probed at 1.7 um as
compared to 1.4pum which probes the inversion layer, thus
leading to a emission feature (bump) instead of a abserption
feature (dip) in the emission spectrum from 1.2 t0°1.7 pm.
This also happens for other strong water absorption bands
as shown in the emission spectra. The 1.4 um emission fea-
ture has been detected in the atmosphere off WASP-121b
(Evans et al. 2017), but other such potential emission fea-
tures indicative of inversion for wavelengths >/2 um are still
to be detected for WASP-121b and can‘only be possible with
JWST.

At 0.25 f; the inversion‘ishabsent as we reduce the ir-
radiation received from the hoststar to 25% of its origi-
nal value, mimicking the tramsport of energy by advection
(strong winds). This,also nietivates accurate 3D modelling of
extremely irradiated ‘hot"Jupiter exoplanets to predict inver-
sions as well as tojinfer wind velocities based on the presence
or absence of inversions.

5.8°2, FEffect of Metallicity

Metallicity fundamentally effects the chemistry of the atmo-
spheré and thereby its P-T structure and observed spectrum.
The effect of metallicity on the P-T structure, chemistry,
transmission and emission spectra for two different planets
is discussed in this section.

5.3.2.1 WASP-17b: WASP-17b is a hot Jupiter planet
with an equilibrium temperature of 1755K. Adopting a
value of 0.5 for the f; the transmission spectra for this planet
shows TiO/VO features due to hotter P-T structure as com-
pared to that using 0.25 f.. However, observations from
Sing et al. (2016) shows the absence of TiO/VO features,
therefore we restrict the following analysis to simulations
adopting an f; of 0.25 (although all values are available in
the model grid). The C/O ratio is fixed to the solar value and
the metallicity varied from across the grid range to investi-
gate the effect of metallicity. For this planet, an increasing
metallicity leads to an increase in the temperature through-
out the atmosphere as shown in Figure 10a. This is a result
of increased absorption of radiation at lower pressures, due
to increased opacity, as the mean molecular weight of the at-
mosphere increases, driven by an increase in the abundances
of species heavier than H, and He, namely H>,O, CO, and
Na as shown in Figure 10b. A sharp increase in temperature
for sub-solar metallicity can be seen at pressures less than
~ 1073 bar, but it is observationally insignificant either in
transmission or emission spectra, due to the low atmospheric
density at these pressures.

020z Jaquiaidag |0 uo Jesn Jajexd Jo Ausisaiun Aq 601 268S/00SZERIS/SEIUW/SE0 L 01 /I0P/3[0IB-80UBADPE/SEIUW/WOD dNo™olWwapeoe//:sdiy Wwoll papeojumod



Library of Exoplanet Atmospheres 15

107
107 —
— 0.1x A SRR TR, (T IA(KI — K
1075 - — 107°1 L Y =
T — T R
—_— |1 [ H,S
Qo _ . 183 2
e 10—3 . =10 34 E ',' I ’I i I
w w - . .
; e
0 10-14 1014 Ie% ! !
g 101 § : : | || { | ..... 0.1x
o 11 i I oL gf— Ix
a D IRE i b TEE - 10k
10 - 10~ Gt Sl i H—-- s0x
H B B i V¥ —e— 100x
: ‘ — 200x
103 T T T 103 T - - T -I T T
1000 1500 2000 2500 1071 10® 107 10* 1072 10°
Temperature(K) Mole Fraction
(a) (b)
x10°
0.128 1 3_. 0.1x
0.126 .’T‘ ] — Ix
£ — 10x
0.1241 3 2. | —— 50x
N o
< ] | ] 'R" —— 100x
S 0.122 e ] Lﬂt\ 200«
] \
0.120 2 1] \‘
<o E ‘ ’\
0.118 L L 1
0] — ]
0.116 T " T "1 T T T T ~ T "1°
T T 03 06 1142 34 638 12

1142 34 68 12
Wavelength (pm)

03 0.6
Wavelength (pm)

10-%+ 106 106
0.1x — 50X
10—5 - 10—5 . Solar e 200x 10—5 -
o 21074 2104 2104
] ] ] ]
L k=] k=) e
-~ ~ 1034 ~ 103+ ~ 1034
e £ e e
z 7 1072+ 7 1072+ 7 1072+
g g g g
A A 101+ A 101+ A 101+
100+ 100+ 1009 — 01x = s0x
pummmm Solar  me 200x
101 1 T T 101 1 T T 101 I T T 101 T T
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
NCF NCF NCF NCF
(e) () () (h)

Figure 10. (a) Figure showing P-T profiles for a range of metallicities at 0.25 f; and a solar C/O ratio (0.55) for WASP-17b. (b) Figure
showing ‘equilibrium chemical abundances for some important species for various metallicity values obtained using P-T profiles shown in
Figuré 10b. (e) Figure showing transmission spectra for WASP-17b for different values of metallicity obtained using P-T profiles shown
in FigureslQa-and corresponding equilibrium chemical abundances shown in Fig. 10b. (d) Figure showing emission spectra for WASP-17b
for different values of metallicity obtained using P-T profiles shown in Figure 10a and corresponding equilibrium chemical abundances
shown in Fig. 10b. (e, f, g, h) Figures e, f, g, h showing normalised contribution function at 2.25, 2.8, 3.8 and 4.5 um for a range of
metallicity values for emission spectra shown in Figure 10d.
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The effect of varying the metallicity on the transmis-
sion of WASP-17b is shown in Figure 10c. The transmission
spectra are primarily dominated by Na, K and narrow Li fea-
tures in the optical for all metallicities, with weaker TiO/VO
features as metallicity increases. The infrared part of the
spectrum is primarily dominated by H,O features for all
metallicities. The size of the HyO features initially increases
with an increase in metallicity as HyO abundance increases
shown in Figure 10b, but then again decreases with increas-
ing metallicity. This is caused by the increase in the mean
molecular weight of the atmosphere, leading to a decrease
of the atmospheric scale height, which, in turn, shrinks the
spectral features in transmission. Pressure broadened wings
of Na and K are also effected by change in metallicity. Due
to decreasing scale height associated with increasing metal-
licity, transmission spectra probes high pressure levels of the
atmosphere, resulting in enhanced broadening of Na and
K line wings with increasing metallicity. The CO, feature
near 4.5um and 2.5 - 3um increases in amplitude, which
can also be seen in the emission spectrum, primarily due to
a rapid increase in the CO, abundances. This shows that
even under chemical equilibrium conditions the atmosphere
rapidly tends to migrate towards a CO, abundant atmo-
sphere with increasing metallicity (Moses et al. 2013), offer-
ing potential reasons for the CO, dominated compositions
of Mars and Venus in our Solar system. Even Earth in the
past may have had a CO, dominated atmosphere, currently
captured in the oceans and rocks by various geological pro-
cesses (Zahnle et al. 2010). The transmission spectra can
also be compared with Figure 12a in Goyal et al. (2019a)
which uses isothermal P-T profiles. The comparison might
not be completely accurate as the RCE P-T profiles shown
here are overall cooler than the equilibrium temperature of
WASP-17b (1755 K) in the transmission spectra probed re-
gion (~1mbar). The “best-fit” model transmission spectra of
WASP-17b using the grid of models presented in this paper
and observations from Sing et al. (2016) is shown in Figuré
6 of the online supplementary material.

The emission spectra of WASP-17b with varyingdmetal-
licity is shown in Figure 10d. The blackbody emiSsion flux
increases with increasing metallicity, since the overall tem-
perature of P-T profiles shown in Fig. 10a increases with in-
creasing metallicity. This increase in temperaturescombined
with the increase in abundances of species,such as H,O and
CO,, with increasing metallicity, leads to deeper absorption
features. Similar to the transmission speetrim, the emission
spectrum is also dominated by.vater absorption features for
WASP-17b in the infrared withhaCO5 features around 4.5
and 2.5 - 3um region for metallicities greater than 10 times
solar value. The atmospheri¢ level which contributes most
to the emission at_different wavelengths can be found us-
ing the NCF. The inerease in the overall temperature of the
P-T profile causes'the )NCF to consistently shifts towards
lower pressure with increase in metallicity as shown in Fig-
ures 10e410f; 10g and 10h. The NCF at the core of the CO,
absorption‘band at 4.5 um shown in the Fig. 10h, peaks at
lowér, pressures (<~ 1 mbar) in the atmosphere, for metallic-
ities greater than 50 times solar, than the wing of the band
at 3.8 um as shown in the Figure 10g. The dramatic drop
in_the emission flux between these two wavelengths is also
shown in the emission spectra for metallicities greater than
50 times solar. The NCF for the 2.8 um H;O absorption

band also shows similar effect as 4.5 um CO, absorption
band, shown in Figures 10e and 10f, for 2.25 and 2.8 um, re-
spectively. The atmospheric level probed by emission spec-
trum shifts to lower pressure levels with increasing metal-
licity, as shown by contribution functions in the H,O and
CO, bands. The wings and cores of absorption/emission
bands also probe different atmospheric layers for a given
metallicity. Therefore, the absorption/emission features of
various species can be used to constrain metallicity, as well
as the P-T temperature structure of the atmosphere. For
some cases (for e.g Fig. 10h) particularly at high metallicity,
NCF shows that the emission spectrum is probing quite high
in the atmosphere (~10_5 bar). In such cases, photochem=
istry can alter the emission spectrum via the formation of
photochemical products and change in chemical abundances
(and thereby the P-T profile) at high altitudes (P<~10"*
bar) (Madhusudhan et al. 2016; Hobbs et al. 2019). How-
ever, since photochemistry is a dis-equilibridm effecty it is
not considered in this work and is part of\our.future work
as discussed in the conclusions.

5.3.2.2 WASP-121b: WASP-121b is an extremely irra-
diated hot Jupiter planet withtan equilibrium temperature
(Teq) of ~2400K (Southworth, 201T). Figures 1la, 11b, 1lc
and 11d show the P-T structureychemical abundances, trans-
mission and emission spectra, respectively for WASP-121b
at 0.5 f; and solar C/O ratio. Figures 11e, 11f, 11g and 11h
show the contribution, function at 2.25, 2.8, 3.8 and 4.5 um,
respectively:

For WASP-121b we see a temperature inversion in the
P-T profile, which moves towards higher pressure levels with
incréasing metallicity, primarily driven by TiO/VO absorp-
tion. At,sub-solar metallicity the inversion is very weak, due
tothe low abundance of TiO/VO, seen in Figure 11b. The Fe
abundance is also substantial, mainly contributing to upper
atmosphere heating, as the Fe absorption cross-sections are
largest in the UV-Optical spectrum. This upper atmosphere
heating leads to the formation of a second inversion layer
but with weak observational signatures due to the very low
density of the atmosphere in this region.

The transmission spectra shown in Figure 11c is domi-
nated by TiO/VO features in the optical, the size of which
decreases with increasing metallicity due to a reduction in
the atmospheric scale height. Sharp Fe features dominate
the optical spectrum short-ward of ~0.4um with H,O fea-
tures in the infrared. The CO features are also seen in the
transmission spectrum particularly around 2.5 and 4-6 pm,
which can also be seen in the emission spectrum in Fig. 11d.

In the emission spectra shown in Figure 11d for WASP-
121b, due to an inversion layer in the P-T profile, most of the
molecular features are seen as emission features as opposed
to the absorption features seen for WASP-17b. The ampli-
tude of the CO features increases with increasing metallicity.
The TiO/VO features can also be seen as emission features
in the emission spectra in the optical. The HyO emission
features dominate the infrared, where the 1.4 um feature has
led to the detection of an inversion layer for the first time in
an exoplanet atmosphere (Evans et al. 2017). It can also be
noticed from the NCF that the wings of strong absorption
bands at 2.25 (H,O) and 3.8 um (CO) shown in Fig. 11e and
11g, respectively, mainly probe the region below the inver-
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Figure 11. (a) Figure showing P-T profiles for a range of metallicity at 0.5 f; and a solar C/O ratio (0.55) for WASP-121b. (b) Figure
showing equilibrium’ chemical abundances for some important species for various metallicity values obtained using P-T profiles shown
in Figure 1la. (¢) Figure showing transmission spectra for WASP-121b for different values of metallicity obtained using P-T profiles
showh in Figure 11a and corresponding equilibrium chemical abundances shown in Fig. 11b. (d) Figure showing emission spectra for
WASP=121b for different values of metallicity obtained using P-T profiles shown in Figure 11a and corresponding equilibrium chemical
abundances shown in Fig. 11b. (e, f, g, h) Figures e, {, g, h showing normalised contribution function at 2.25, 2.8, 3.8 and 4.5 um for a
range Jof metallicity values for emission spectra shown in Figure 11d.
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sion layer, while the cores of absorption bands at 2.8 and
4.5 um shown in Fig. 11f and 11h probe the inversion layer.

5.8.8  Effect of C/O ratio

5.3.3.1 WASP-17b: The P-T profiles for WASP-17b for
a range of C/O ratios are shown in Fig. 12a at 0.5 f; and
solar metallicity. We choose to show simulations with 0.5
fc instead of 0.25 f. as one of the models with 0.25 f. and
a C/O ratio of 1.0 failed to converge in the grid. It can
be seen that with increasing C/O ratio the P-T structure
consistently cools for P < 107! bar. However, for P > 107!
bar the P-T structure first cools up-to C/O ratio of 0.75 and
then the temperature increases for a C/O ratio of 1 and 1.5.
The sharp heating at around 107® bar is due to Fe opacity
as explained earlier in Section 5.2.4.2.

The change in the equilibrium chemical abundances due
to the change in the C/O ratio is drastic, as it effects all
the major carbon and oxygen bearing molecules. As ex-
pected the abundances of HyO drop with increasing C/O
ratio. Although CO, bears a carbon atom it needs two oxy-
gen atoms per carbon atom, therefore the equilibrium abun-
dance of CO; also drops with increasing C/O ratio, but in
smaller increments as compared to HoO. The abundance of
carbon bearing species such as CH4, HCN, C,H; increases
with increasing C/O ratio, while the abundance of CO is
almost constant, since it has one atom of carbon and oxy-
gen each. This transition from HyO dominated spectra, to
spectra dominated by various carbon bearing species occurs
between C/O ratios of 0.75 and 1, slightly higher than that
found with isothermal P-T profiles where it was between 0.7-
0.75 as shown in Goyal et al. (2018). However, this value
might change with change in the f; value as the C/O transi-
tion point is a strong function of temperature (Molliere et al.
2016; Goyal et al. 2018; Molaverdikhani et al. 2019).

This C/O transition is also seen in the transmission
spectrum shown in Fig. 12c, where the spectrum transitions
from being H,O dominated to being dominated by GHy,
HCN and CyH; between a C/O ratio of 0.75 and 1. Fig. 13a
and 13b show this transmission spectrum at a C/O'ratio of
1.5 decoupled into various molecules. It can be séen that,at a
C/O ratio of 1.5, the transmission spectrum is dominated by
CHy features in the infrared, with contributions=from CO,
HCN and CyHj. There is a strong HCNvand\C,H, feature
at ~1.6 um and the most common CO\feature at 4.5 um. The
emission spectrum shown in Fig. 12d also/shows this C/O
transition between 0.75-1, from deep H,O absorption fea-
tures to more deeper CHy4 absorption features, in the peak
region of emission around ~3um

5.3.3.2 WASP-121b: \ The P-T profiles for WASP-121b
for a range of C/O ‘ratios are shown in Fig. 14a. With in-
creasing C/O.ratioythe“major temperature inversion shifts
to higher pressures. The major temperature inversion refers
to the inversion that has a potential observational signature
unlike<the inversion due to Fe opacity at extremely low pres-
sure, (#1072 bar) as described in Section 5.2.3 and 5.2.4.2
andyalse seen in Fig. 14a.

Thé abundance of TiO/VO species which are the pri-
mary absorbers for forming the temperature inversion layer,
decrease with increasing C/O ratio. Their abundance at a
C/O ratio of 1.0 and 1.5 is low, still the inversion layer is

maintained, albeit not as hot as at other low C/O ratios.
We investigated this phenomenon by using two tests, first
removing TiO/VO opacities and second removing Na, K,
TiO and VO opacities. We found that this inversion at high
C/O ratio can be maintained due to Na and K opacities in
the absence of TiO/VO opacities or their low abundance,
as found by Molliere et al. (2015). Furthermore, H™ opacity
also contributes to this inversion at high C/O ratio and high
value of f; (1.0) more than Na and K opacities, as discussed
in detail in Section 5.2.2. The increase in the H™ abundance
at C/O ratio of 1.5 around the photosphere region (~0.1 to 1
bar) is the primary reason for this inversion due to H™ opac-
ity. H™ features also can be clearly seen in the transmission
spectrum for C/O ratio of 1.5.

At high C/O ratios it is interesting to see that the HCN
abundance is substantial even in the low pressuré regions
(P > ~1 mbar). This can also be noticed in the transmis-
sion spectrum shown in Fig. 14c and decoupled transmission
spectrum shown in Fig. 15a and 15b, which.is dominated by
HCN features in the infrared at a C/O ratio of l'and 1.5, as
opposed to CHy4 for WASP-17b. Thigsshows andmportant re-
sult that at high temperatures HCN,dominates over CHy in
the atmosphere at high C/O ratios.Therefore, HCN features
provide a very strong signature to constrain high C/O ra-
tios in exoplanet atmospheres. The'transition from an H,O
dominated spectrum to that*dominated by HCN happens
between C/O ratio of 0.75-1.0. Therefore, the temperature
dependence of the Cy/O™transition as seen in Molliere et al.
(2015); Goyal etial. (2018) does not seem to be holding in
this case, as the\transition for WASP-17b also happens in
this C/O regime*(0.75-1.0). The transmission spectrum also
shows FeH features between 0.8 and 1.2pum at a C/O ratio
of 140 and1.5. The absence of TiO/VO features makes it
possible for FeH to appear, without being masked.

In, the emission spectrum shown in Fig. 14d most of
the'miolecular features are seen in emission due to the pres-
ence of an inversion layer, as explained before. However, be-
tween a C/O ratio of 1 and 1.5 surprising differences can be
seen, especially at 3.1 um which is the wavelength of a strong
HCN absorption band. At a C/O ratio of 1 it is an emission
feature, however it transforms to an absorption feature at
a C/O ratio of 1.5. This is because at a C/O ratio of 1.5
slightly cooler upper atmosphere is being probed as can be
seen in the NCF at 3.1 um in Fig. 15d as compared to a C/O
ratio of 1. Therefore, at a C/O ratio of 1.5, HCN absorbs
the radiation from the lower (high pressure atmosphere) in
comparison to for a C/O ratio of 1.0, which probes deeper
atmosphere where it has an inversion and leads to HCN
emission. Interestingly, at 1.6 um HCN leads to an emission
feature both at a C/O ratio of 1 and 1.5, since at 1.6 um the
inversion layer is being probed at both C/O ratios as seen in
the NCF in Fig. 15c¢ and P-T profile in Fig. 14a. Therefore,
HCN should be observed in emission as well as absorption at
high C/O ratios (1.5) for extremely irradiated planets such
as WASP-121b.

6 INTERPRETING THE OBSERVATIONS OF
WASP-121B

WASP-121b is not expected to be cloudy due to its ex-
tremely high predicted dayside temperature (Teq = 2400 K).
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Figure 12. (a) Figure showing P-T profiles for a range ofC/O'xatios at 0.5 f. and solar metallicity for WASP-17b. (b) Figure showing
equilibrium chemical abundances for some important species for various C/O values obtained using P-T profiles shown in Figure 12a. (c)
Figure showing transmission spectra for WASP-17b fér diffetent values of C/O ratios obtained using P-T profiles shown in Figure 12a
and corresponding equilibrium chemical abundances shown in Fig. 12b. (d) Figure showing emission spectra for WASP-17b for different
values of C/O ratios obtained using P-T profiles shown in/Figure 12a and corresponding equilibrium chemical abundances shown in Fig.

12b.

Moreover, Evans et al. (2018) showediythat the extremely
steep slope in the optical is not due to enhanced Rayleigh
scattering from a haze. In Evans et al. (2018) observations
were interpreted using isothermal }P-T profiles (see Fig. 11
and 12 in Evans et al. 2018) resulting in detection of H,O,
evidence of VO and the possibility of SH causing significant
absorption in the/UV*and>optical. Therefore, here we use
our grid of modelitransmission spectra with RCE P-T pro-
files and additional H7" and Fe opacity, without grey clouds
and enhanced scattering, to fit the WASP-121b data from
Evans et al. (2018). We have excluded the data short-ward
of 0.47 pm while performing the fitting, since the steep slope
in thisyregion is not explained by Rayleigh scattering and is
likelys in'part due to absorption of atomic species like Fe in
the thermospheric and higher atmospheric layers (Sing et al.
2019; Gibson et al. 2020) which are not modeled here.. Fig.
16a shows the best fit model transmission spectra for obser-

vations from Evans et al. (2018). It shows a H,O feature at
1.4um and features in the optical resembling TiO/VO fea-
tures. The decoupled spectra in Figure 16¢c and 16d shows
that the optical spectra is dominated by VO features. This
fitting result corroborates the result using isothermal P-T
profiles discussed in Evans et al. (2018) and consistent with
VO being present in the atmosphere of WASP-121b, since
the limb P-T structure of this planet is in that narrow tem-
perature regime where VO abundance dominates the TiO
abundance, as discussed in Goyal et al. (2019b).

The best fit transmission spectra model with RCE P-T
profiles gives a reduced y? value of 1.37 with 74 DOF (75
data points minus 1). It gives super-solar metallicity and
super-solar C/O ratio as shown in Fig. 16a (both when vary-
ing O/H and C/H). The “best-fit” P-T profile shown in the
sub-plot of Fig. 16a does not show a temperature inversion,
since the limb P-T profile (in the observed region) is expected
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Figure 13. (a) Figure showing transmission spectra features of each individual molecule used in ATMO (1 to 10) for WASP-17b transmission
spectra shown in Fig. 12c at C/O ratio of 1.5. Hy-H, (blue), Hy-He (green), HyO (red), CO; (cyan), CO (magenta), CHy/(yellow), NH3
(lightblue), Na (purple), K (brown), Li (lightgreen) and all 21 opacities (black). The lower continuum boundaty imsthe spectrum sharply
dropping around 1.6 um is due to H™ opacity. No Ry, /R« offset was applied while plotting. Individual simulations are divided into blocks
of 10 while plotting for clarity.(b) Same as Figure 13a but for Rb (blue), Cs (green), TiO (red), VO (cyan), FeH (magenta), PHj (yellow),
H,S (lightblue), HCN (purple), CoH, (brown), SO, (lightgreen), Fe (violet) and all 21 opacities (black).

to be cooler than the dayside P-T profile shown in sub-plot of
Fig. 16b. Although the 100 times solar metallicity case is the
“best-fit” (lowest chi-squared), the 50 times solar metallicity
case also fits within 30~ and a solar metallicity case is consis-
tent with the data at the 60 level, as shown in Figure B1 of
Appendix B, which shows X2 maps for all the model simu-
lations in the grid for WASP-121b with confidence intervals,
similar to those described in details in Goyal et al. (2018).
There are two reasons why high metallicities are preferred,
one is the increase in the VO abundances as metallicity in-
creases (more than that of TiO) and second the decrease
in the scale height compared to solar metallicity case,/both
required to better fit the observations, driven by the low
Rp/Rs points in the optical. We also performed tésts wheré
we excluded the optical data (< 1pm) and justiased» the
near-infrared data while fitting and in this case thé sub-
solar metallicity model simulation (0.1 times solar) was the
“best-fit”, thus again concluding that the eptical data leads
to a higher metallicity being preferred:\We note that we have
not included relative levels between STIS"and WFC3 as a
free parameter while fitting, which can potentially alter the
results.

These results demonstrate that a reasonably good
match to the observations/’can be achieved with self-
consistent 1D medels assuming chemical equilibrium for a
range of plausible metallicities and C/O values. The reality
is undoubtedly significantly more complex. In particular, we
have assumed a single RCE P-T profile for the entire limb
of thesplanet, but there should be a strong temperature
contrast_between the east and west limbs, in turn affect-
ingwwhich species are in the gas phase or condensed. How-
ever, limb to limb variations can be incorporated while fit-
ting,/simply by the linear combination of transmission spec-
tra from our library for a specific planet (MacDonald et al.
2020). The “best-fit” limb P-T profile of WASP-121b is cold

enough for Fe to rainout fronr the atmosphere, at least in the
region of the atmosphere where Local Thermodynamic Equi-
librium (LTE) canmbe assumed. However, Sing et al. (2019);
Gibson et alm(2020)"detected the presence of Fe II and Fe
I'in UV and optical high resolution observations of WASP-
121b,which probes much higher altitudes than the optical
transmission spectrum and may well be in the non-LTE re-
gion of thé atmosphere. The deep interior temperature may
also be'hotter (Thorngren et al. 2019; Sing et al. 2019) than
assumed in our work (Tj,;=100K), which can prevent Fe
from raining out of the atmosphere. The other possibility
is that the true planet limb P-T profile is much hotter than
our “best-fit” limb P-T profile, since we have not modeled the
transmission spectrum of WASP-121b short-ward of 0.47 um
for this fitting and not considered inter-terminator varia-
tions, as detailed earlier.

Fig. 16b shows the best fit model emission spectra for
observations from Evans et al. (2020), with a y? value of
88.63 and reduced y? value of 1.81 with 49 DOF. The best
fit model has solar metallically and C/O ratio of 0.75, with
fc value of 1.0, indicative of very low energy redistribution
in the atmosphere. The dayside best fit P-T profile in the
sub-plot of Fig. 16b shows a temperature inversion, while
the limb P-T profile obtained using the transmission spectra
fit (see Fig. 16a ) is cooler without a temperature inversion,
again supporting very low energy redistribution in the at-
mosphere of WASP-121b. It shows a 1.4um H>O emission
feature, indicative of inversion layer, as explained in previous
sections.

7 CONCLUSIONS

The approximation of an isothermal P-T profile has many
limitations for a real planetary atmosphere and is a rea-
sonable approximation only to generate model transmis-
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Figure 14. (a) Figure showing P-T profiles for a range of €/O tatios'at 0.5 f. and solar metallicity for WASP-121b. (b) Figure showing
equilibrium chemical abundances for some important species for various C/O values obtained using P-T profiles shown in Figure 14a. (c)
Figure showing transmission spectra for WASP-121b for different values of C/O ratios obtained using P-T profiles shown in Figure 14a
and corresponding equilibrium chemical abundances shown in Fig. 14b. (d) Figure showing emission spectra for WASP-121b for different
values of C/O ratios obtained using P-T profiles shown in/Figure 14a and corresponding equilibrium chemical abundances shown in Fig.

14b.

sion spectra, which probes a very small part of the over-
all atmosphere. Therefore, in this work we create a library
of radiative-convective equilibrium P-T profiles and cor-
responding equilibrium chemical abundances, transmission
spectra, emission spectra and c¢ontribution functions, for
a range of observationally significant exoplanets. Unlike a
static table of chemical"abundances used in various models,
these P-T profilési(and\all models in this grid) are consistent
with equilibrium chemical abundances, meaning P-T profile
and chemical abundances are tied together during each iter-
ation, makingrit”a state of the art model grid. The library
of models presented in this work also included H™ and Fe
opacity, in addition to opacities included in previous library
of models presented in Goyal et al. (2018) and Goyal et al.
(2019b). The major conclusions from this work are divided
into three parts, first the sensitivity to model choices, sec-

ond the sensitivity to grid parameters and third the general
conclusions.

7.1 Sensitivity to Model Choices

We have to make different model choices while interpreting
the observations of exoplanet atmospheres, such as the type
of condensation, opacities to be included, source of line-list,
line-broadening profile etc. Here we conclude on the effect
of these different model choices.

e The investigation of differences in RCE model simu-
lations with local and rainout condensation revealed that
adopting different condensation approaches can result in
substantial differences in the resulting P-T profiles and
thereby the model spectra, for a typical hot Jupiter planet
like WASP-17b.
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Figure 15. (a) Same as Fig. 13a but for WASP-121b_at,0.5 f.; solar metallicity and C/O ratio of 1.5. H™ opacity is quite dominant
especially between 1 and 1.4 um. (b) Same as Fig. 13b/but for, WASP-121b at 0.5 f., solar metallicity and C/O ratio of 1.5. (c,d) Figures
¢, d showing normalised contribution function at 1.6 and 3.1um for a range of C/O ratios for emission spectra as shown in Figure 14d.

e Inclusion of thermal ionic species” reduces the abun-
dance of Na and K at atmospheric temperatures greater than
~2000 K and low pressures (< ~107! bag)s/as they are ion-
ized to form Nat and K*. Therefore, Na and K features are
absent in the transmission spectrum at these temperatures.
It also allows formation of ‘other ions with significant opac-
ities such as H™. Thermal decomposition leads to reduction
in the HyO abundance for.planets such as WASP-121b, but
only in the region of'the atmosphere probed by transmission
spectrum and.not the emission spectrum.

e Iron (F¢) opacityleads to very sharp inversion at the top
of the madelatmosphere (~107 to 1070 bar). However, it is
unablesto produce a temperature inversion in the region of
the‘atmosphere being probed by emission spectrum observa-
tions even at 200% solar metallicity, as produced by TiO/VO
or H7 opacities for WASP-121b. Moreover, Fe opacity tends
to_cool the P-T profile for P > 0.1 bar, due to absorption
of radiation in the upper atmosphere. It also imparts nar-
row spectral features in the UV-optical part of the transmis-

sion spectrum short-ward of ~0.4um. However, Fe opacity
is sufficient to create a strong thermal inversion in KELT-
9b, the planet with the highest equilibrium temperature in
this library of models, even at solar metallicity and without
TiO/VO/H™ opacities. Thus, the capability of Fe opacity to
form a temperature inversion is system specific showing a
strong dependance on the host star effective temperature.

e H™ opacity plays an important role in shaping the P-
T profile, transmission and emission spectrum, at tempera-
tures greater then ~2200K. In the presence of TiO/VO in
the atmosphere H™ opacity leads to cooling in the deeper
atmosphere (P > 0.1 bar). At C/O ratios > 1, H™ opacity
leads to formation of a strong thermal inversion layer, but
not at solar C/O ratio even if TiO/VO is absent. Thermal
inversion due to H™ opacity lies deeper (higher pressure) in
the atmosphere (~1 to 1072 bar), in comparison to the inver-
sion due to TiO/VO opacities (~10~! to 1073 bar). In the
transmission spectrum, H™ opacity tends to mute the line
wings of Na, K and all features up-to 1.6 um (limit of H™
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Figure 16. (a) Figure showing best fit model transmission spectra’using the grid of model transmission spectra for WASP-121b presented
in this paper and observations from Evans et al. (2018) givingy’ value-of 101.69 with f. = 0.25, 100 times solar metallicity and C/O
ratio of 0.75. Best-Fit P-T profile is shown in the subplot. (b)yFigure showing best fit model emission spectra using the grid of model
emission spectra for WASP-121b presented in this paper.and observations from Evans et al. (2020) with x? value of 88.63 and f. =
1.0, solar metallicity and C/O ratio of 0.75. Best-Fit P-T profile is shown in the subplot. (¢) Best-fit decoupled transmission spectra
similar to Figure 13a. The lower continuum boundaryyinthe spectrum sharply dropping around 1.6 um is due to H™ opacity. (d) Best-fit

decoupled transmission spectra similar to Figure 13b.

bound free absorption) mimicking the effect of grey cloud
deck opacity. The effect of H™ opacity ensP-T profiles also
substantially alters the emissioh spectrum, with increase in
peak planet flux due to thermal inversion.

Adopting different line wing,profiles of Na and K, led to
differences of ~50-100K in the deeper atmosphere temper-
ature as shown in the online’supplementary material, thus
leading to some differences in the emission spectra, which
may be detectable with-future observations. The differences
in the derivéd P-T:profiles and the spectra between the sim-
ulations,{varying €/O ratio by varying O/H and those by
varying, C/H, shown in the online supplementary material,
revealed, some differences within the range of C/O ratio
adopted, in the library, but to a lesser extent compared to
other parameters in the library and other model choices.

7.2 Sensitivity to Grid Parameters

The library of simulations presented in this work was devel-
oped for four different recirculation factors, six metallicities
and six C/O ratios for 89 hot Jupiter and warm Neptune ex-
oplanets with equilibrium temperatures greater than 1200 K.
The effect of varying the recirculation factor, metallicity and
C/O ratio were investigated and shown for WASP-17b and
WASP-121b in Sections 5.3, showing the variation of the P-
T profile, equilibrium chemical abundances and thereby the
transmission and the emission spectrum. The major conclu-
sion from these sensitivity tests for different grid parameters
are:

e The increase in recirculation factor (lower redistribution
of energy) leads to transitioning of the P-T profile from with-
out a temperature inversion to isothermal to a profile with
temperature inversion for WASP-121b, which is also appar-
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ent in the emission and transmission spectrum. Therefore,
emission spectrum and to a lesser extent transmission spec-
trum (due to other degeneracies) can be used to constrain
the energy redistribution for all the planets presented in this
grid.

e The increase in metallically leads to the P-T profile be-
coming hotter for both WASP-17b and WASP-121, due to
the increase in the total opacity, driven by the increase in
the mean molecular weight of the atmosphere. The increase
in metallicity leads to an increase in the size of the trans-
mission spectral features at first (up to 10x solar metallic-
ity) due to higher abundances and higher temperatures, but
then they decrease again as the scale height of the atmo-
sphere decreases (due to increased mean molecular weight)
with increased metallicity. However, this effect is not seen in
the emission spectrum where absorption/emission features
increase with increasing metallicity, since emission spectral
features do not have scale height dependance as transmission
spectral features. The shift in the atmospheric level probed
by emission spectrum to lower pressure levels with increasing
metallicity, as shown by contribution functions in the HyO
and CO; bands, as well as the difference in the level probed
by the wings and cores of absorption/emission bands for a
given metallicity, both can be used to constrain metallicity
and the P-T profile of the atmosphere.

e Increasing the C/O ratio leads to a cooling of P-T pro-
file for WASP-17b, with a transition seen from a HyO domi-
nated spectrum to a spectrum dominated by carbon bearing
species (primarily CHy) between C/O ratios of 0.75 and 1.
For WASP-121b, the strength of the temperature inversion
decreases as the abundance of TiO/VO decreases with in-
creasing C/O ratio. At a C/O ratio greater than 1 even
though TiO/VO abundances are low, a weak temperature
inversion is maintained in the atmosphere due to Na and K
at fc value of 0.5 as shown by previous works. Whereas,
for a f. value of 1 (hotter P-T profile) H™ opacity con-
tributes substantially to the development of an inversion. Ins
terestingly, extremely irradiated exoplanet atmospheres.like
WASP-121b show a spectrum dominated by HCN features
at infrared wavelengths for high C/O ratios (> 1) in"compary
ison to comparatively cooler planets like WASP-17b which
are dominated by CHy features. HCN and H™ features can
be seen as an emission as well as absorptiontfeature at differ-
ent wavelengths in their emission spectrum. Therefore, HCN
and H™ features for these planets can be used to constrain
their C/O ratios as well as their thermal structure.

7.3 General Conclusions

The interpretation of ebservations using the library of mod-
els with RCE P-T profiles presented in this work was demon-
strated using WASP-121b observations. The transmission
spectra probing, the, planetary atmospheric limb reveal H,O
features in the infrared with evidence of VO in the optical.
The best{fitymodel indicates super-solar metallicity driven
by optical ‘observations and VO opacity, with non-inverted
limb\P-T profile. The emission spectra probing the dayside
ofthe planetary atmosphere reveals a HyO feature in emis-
sion giving evidence of a potential temperature inversion and
very/dow energy redistribution in the atmosphere.

One of the major limitations of the model simulations
presented in this paper is that they are 1-dimensional. Ide-

ally 2D or 3D approaches would more realistically represent
a planetary atmosphere. However, 1D models allow us to
explore a very large parameter space in chemistry and ra-
diative transfer for a large number of planetary systems, not
possible currently using 2D or 3D approaches due to compu-
tational limitations. Moreover, the combination of different
P-T profiles, transmission and emission spectra for a given
planet can be used to represent different parts of the at-
mosphere (see for e.g MacDonald et al. 2020), thus paving
the way to interpret 2D or 3D observations, like for exam-
ple using spectral phase curves. We have also not modeled
dis-equilibrium processes such as photochemistry and verti-
cal mixing in this library of simulated atmospheres, which
is planned for the future development. The current meodel
spectra in the library has a resolution of R~50004at) 0.2
pm decreasing to R~35 at 30 nm, which cannot bé used to
interpret high resolution observations. However, the model
atmospheric RCE P-T profiles and the corresponding echem-
ical abundances from our library can be~used. to generate
synthetic high resolution spectra (transmission or’emission),
which can then be used to interpret“high reselution obser-
vations. We also plan to update the spectra in our library
online, to achieve the highest possible JWST resolution over
some specific wavelength ranges.

The library of models presented’in this work can be used
to plan and interpret a’“broadsrange of transiting exoplanet
observations with current and future facilities such as HST
and JWST, since it \covers the wavelength range from 0.2
to 30 um. It represents a valuable resource to guide choices
of observational targets and instrument modes. The library
of models can_ also be used to initialize retrieval models as
well as-to,constrain priors in them. Our development of an
expansive grid of thermochemically consistent 1D models
for'exoplanet atmospheres provides the community with an-
other tool with which to tackle our theoretical understanding
of het Jupiter atmospheres and interpret current and future
observations of these planets.
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APPENDIX A: HIGH TEMPERATURE
ADDITIONS

A1l Thermal Ionization

Thermal ionic species were recently included in ATMO to
compute the chemical equilibrium abundance of H*, H™,
Nat, K*, Ca*, Sit* and e”. This was simply done by includ-
ing thermodynamic data of these species in our database
and using Gibbs energy minimization to compute the equi-
librium abundances in each layer of the atmosphere, includ-
ing the ionic species. The equilibrium chemical abundances
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Figure Al. Figure showing validation of ATMO chemical equi-
librium abundances of ionic species with GGChem (Woitke et al.
2018) at 3000 K.

of ionic species from ATMO were validated by comparing
with those from the GGchem model (Woitke et al. 2018) at
2000, 3000 and 4000K as shown in Figure A1l for 3000 K.
We used the same input P-T profile for both ATMO and
GGchem for this validation. It can be seen that there is a
very good agreement between the abundances from both the
models. Only small differences exist in the deeper parts of
the atmosphere, currently not probed by either emission or
transmission spectra.

A2 Implementation and Validation of H™ opacity

Many publications highlight the importance of H™ opacity
in the atmosphere of extremely irradiated hot Jupiters (e.g
Arcangeli et al. 2018; Mansfield et al. 2018; Kreidberget al.
2018; Parmentier et al. 2018). We also included H™ opacities
in ATMO and investigated its effects on the P-T. profiles’and
thereby the spectra. The formation of species H™\(hydrogen
anion) is basically a result of electron attachment, driven
by the presence of abundant hydrogen (H), and low energy
electrons in the ionised atmospheres ofistars or hot Jupiters
(Rau 1996). The absorption of electromagnetic radiation by
H~ is driven by photo-detachment (bound-free) and free-free
transition processes. These,are computed using the analyti-
cal equations of John (1988)\derived from the original deriva-
tion of free-free transition in\Bell & Berrington (1987).

The photo-detachment,process of H™ absorption is given
by

hv+H ~—>H+e", (A1)

where h/is the Planck’s constant and v is the frequency
of*radiation. In this process H™ ions absorbs radiation of
frequency v, to form atomic hydrogen and an electron. As
shown in John (1988) for wavelengths (1) less than the ion-
isation threshold A of H™ (4 < 1.6419 pm) this is computed
using,

1 1

3/2
k(1) = 10—1843(5 - 70) £, (A2)

where,
] (n-1)/2

R |
FQ) = ch[j %
n=1

where kpp(d) is the bound-free cross-section of H™ in

units of cm?, A is the wavelength, 19 = 1.6419 pm is the

threshold wavelength, C, are the coefficients for n different

values given in the Table 2 of John (1988). The bound-free

absorption cross-section above the threshold A of 1.6419, 4m

is zero. The total opacity due to bound-free absorption is
then computed using,

kpt = kpf(4, T)A[H _]%d, (A3)

where kp¢ is the total bound-free opacity, JA[H™] is the
abundance of H™ (mixing ratio), ng s the'atmospheric num-
ber density (cm_3 ) and p is the/atmospheric mass density

(g/cm?).
The free-free transition‘process.of H™ is given by

h+e +H—> H+e . (A4)

In this reaction photons can be absorbed by electrons
interacting with| neutral hydrogen atom across the whole
spectral range"(0,< A < oo). This process is solely responsible
for H™ opacitysbeyond the ionisation threshold wavelength
(1.6419 pm). This is computed using

(A2A, + By + Cn/ A+ D[22 + En |23 + F /%),

(A5)

(n+1)/2
kel 1)2 107258 (5‘}&)

where kfr(A,T) is the free-free cross-section of H™ in
units of cm*/dyne and T is the temperature. A,, B, Cp,
Dy, E, and F,, are coefficients as given in table 3a and 3b
of John (1988) for A > 0.3645 pm and 0.1823 < A < 0.3645
pm, respectively. By multiplying equation A5 by the Boltz-
mann’s constant (1.38x1071% erg/s) and the temperature,
kfr(4,T) is obtained in the units of cm’. The total opacity
due to free-free absorption is then computed using,

Kff = kff(/l, T)A[H]n?dA[e_]nd’ (A6)

where kg is the total free-free opacity, A[H] is the abun-
dance of neutral hydrogen (mixing ratio) and A[e”] is the
abundance of electron (mixing ratio). The total opacity of
the H™ ion (kzor) due to bound-free and free-free transitions
is then given by kior = Kpf + Kff.

We validate the abundance weighted H™ opacity by
comparing with the results from Parmentier et al. (2018)
and Mansfield et al. (2018). Figure 4 of Parmentier et al.
(2018) shows the abundance weighted absorption cross-
section of H™ (cm?/molecule) as a function of wavelength at
the P-T point of 0.042 bar and 3100 K. We also compute the
abundance weighted absorption cross-section of H™ at this

P-T point within ATMO using kot x & r,“V‘j:‘“ , where ktot is the
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Figure A2. (a) Figure showing abundance weighted cross-section of H™ at 0.042 bar and 3100 K from Figure 4 of Parmentier et al.
(2018) (green) and from ATMO (blue). (b) Figure showing abundance weighted cross-section of H™ at 0.084 bar and 2756 K from Figure

7 of Mansfield et al. (2018) (green) and from ATMO (blue).

total opacity of the H™ ion computed as shown in the previ-
ous section, tmean is the mean molecular weight of the atmo-
sphere and N4 is the Avogadro’s constant. The comparison
is shown in Figure A2a, demonstrating that the agreement
is good and even the equilibrium chemical abundances at
this P-T point are similar in ATMO and Parmentier et al.
(2018) (from Figure 3 in their paper), thus validating the
implementation of H™ opacity in ATMO.

Figure 7 of Mansfield et al. (2018) shows the abundance
weighted absorption cross-section of H™ at a P-T point of
0.084 bar and 2756 K. When compared with this, there is a
substantial difference between the abundance weighted ab-
sorption cross-section of H™ as shown in Figure A2a. The
primary reason being the difference in equilibrium chémix
cal abundances at this P-T point, which is ~3.4 times‘larger
in ATMO as compared to Mansfield et al. (2018)/However,
when this factor of 3.4 is taken into consideration while
comparing the abundance weighted absorption cross-section
of H™ from both models, there is a good-agreement (not
shown here). The reason for differences in ‘equilibrium chem-
ical abundances is still unclear and“can be due to many
factors, such as the differences in input“elemental abun-
dances, polynomial coefficients‘etc. as shown in Goyal et al.
(2019a). We note that the equilibrium chemistry scheme
used in ATMO has been validated by comparing to vari-
ous numerical and analytical equilibrium chemistry models,
with local and rainout,condensation (Drummond et al. 2016;
Goyal et al. 2019a).

A3 Fe Abserption cross-sections

Absorption cross-sections of gaseous iron (Fe) have been
included in ATMO using the Fe line list from the VALD
database (Heiter et al. 2008, 2015) and the partition func-
tionArom Sauval & Tatum (1984). The H, and He pressure
broadening line-widths for Fe have been computed using
the van der Waals coefficient contained within the VALD
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Figure B1. Figure showing y? map for WASP-121b for the trans-
mission spectra fitting described in Section 6. Contours of y? are
shown for all the combinations of grid parameters. Metallicity is
also log-scaled, 0 being solar metallicity and 2 being 100 times
solar metallicity. Colours indicate confidence intervals as shown
in colormap to the right. See Goyal et al. (2018) for more details.

database and using Equation 23 in Sharp & Burrows (2007).
The absorption cross-sections of Fe included in ATMO have
also been validated by comparing with the absorption cross-
sections of Sharp & Burrows (2007).

APPENDIX B: WASP-121B 2 MAP
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